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INTRODUCTION
The ocean’s biological pump transfers 5−15 Gt C yr−1
of particulate organic carbon (POC) from the surface
to the deep ocean globally, where it can be stored on
long (100s−1000s of years) timescales (Volk & Hoffert
1985, Falkowski et al. 1998). As biogenic particles
sink through the water column, they are subjected to
intense remineralisation by heterotrophic bacteria
and zooplankton (Steinberg et al. 2008, Cavan et al.
2017a). Bacterial respiration (a proxy for reminerali-
sation) integrated over the upper 1000 m is typically
4- to 7-fold higher than zooplankton respiration, as
bacteria are present throughout this entire depth
range, whereas zooplankton are largely restricted to
certain depth strata, typically in the upper meso -
pelagic (Steinberg et al. 2008, Giering et al. 2014).
Particle remineralisation (e.g. respiration) and sink-
ing rates together control the attenuation of POC
with depth (Boyd & Trull 2007). Oceanic microbial
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ABSTRACT: Microbial respiration of particulate organic carbon (POC) is one of the key processes
controlling the magnitude of POC export from the surface ocean and its storage on long timescales
in the deep. Metabolic processes are a function of temperature, such that warming sea tempera-
tures should increase microbial respiration, potentially reducing POC export. To investigate this
in the Southern Ocean, we measured microbial oxygen consumption of large particles over a 10°C
temperature range (summer maximum +8°C) to then estimate the decrease in export by 2100. Our
results showed that POC-normalised respiration increased with warming. We estimate that POC
export (scaled to primary production) could decrease by 17 ± 7% (SE) by 2100, using projected
regional warming (+1.9°C) from the IPCC RCP 8.5 (‘business-as-usual’ scenario) for our sub-
Antarctic site. Increased microbial respiration is one of many processes that will be altered by
future climate change, which could all modify carbon storage in the future. Our estimate of the
potential decline in carbon sequestration is within previous estimates from lab and field experi-
ments, but higher than simple mechanistic models. To explore our results further, we used the
metabolic theory of ecology (MTE) to determine the activation energy of microbial respiration,
which was 0.9 eV. This is higher than classical MTE (0.6−0.7 eV), suggesting that sub-Antarctic
microbes are particularly sensitive to temperature change. Such regional characteristics in the
response of organisms to increased temperatures should be accounted for in large-scale or global
model analyses to ensure that the results do not underestimate microbial responses to warming.
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(including bacteria and protistan zooplankton) respi-
ration is therefore one of the key regulators in deter-
mining the magnitude of POC that is sequestered
under present-day ocean conditions.
Temperature exerts important controls on the bio-
logical pump (Marsay et al. 2015), as it (1) influences
the phytoplankton community composition and thus
ballasting of POC export and flux (Francois et al.
2002, Henson et al. 2012), (2) helps set the efficiency
of POC export from the surface ocean (Laws et al.
2000, Cael & Follows 2016), (3) determines sinking
rates (Bach et al. 2012, Iversen & Ploug 2013) and (4)
controls metabolic functions (Boltzmann 1872, Arrhe-
nius 1889) that act to remineralise the POC, such as
respiration and grazing rates. Future changes in
ocean temperature will affect the magnitude of POC
export due to altered rates of particle settling and
heterotrophic POC degradation (Iversen & Ploug
2013). In this study, we focussed specifically on the
role of temperature on microbial heterotrophic POC
respiration. Increased respiration caused by future
warming may decrease the export of POC from the
surface waters and hence carbon sequestration to the
deep oceans and sediments.
Many experimental studies have investigated the
effect of warming on marine microbes, mostly bacte-
ria, such as in upper ocean Arctic and temperate
meso cosm studies, which have shown increased bac-
terial respiration, growth rates and biomass with
warming (Hoppe et al. 2008, Lara et al. 2013). Deeper
in the mesopelagic zone (300−600 m), bacterial respi-
ration and production also increased with tempera-
ture (Mazuecos et al. 2015). Such reports of increased
microbial activity are either due to the metabolic
response of bacteria to warming and/or the enhanced
release of dissolved organic carbon (DOC) from
phytoplankton at higher temperatures (Hutchins et
al. 2017). Nevertheless, the relationship between tem-
perature and metabolic rates is not straightforward in
marine microbes, since substrate availability strongly
affects their response to changes in temperature
(Aguiar-González et al. 2012, Arandia Gorostidi et
al. 2017, Maske et al. 2017). Furthermore, a review
study using the metabolic theory of ecology (MTE)
showed that bacteria and protistan metabolic pro-
cesses exhibit a different response to changing body
mass compared to more evolved organisms (DeLong
et al. 2010).
The long-established MTE links metabolic rates to
temperature and body size, such that rates of all
organisms scale in the same way via the following
equation (Arrhenius 1889, West et al. 1997, Gillooly
et al. 2001, Brown et al. 2004):
ln(I M−0.75) = −Ea(1/cT) + ln(i0) (1)
where I is the metabolic rate normalised by biomass
(M), Ea is the activation energy, c is Boltzmann’s con-
stant (0.862 × 10−5 eV K−1), T the temperature in
Kelvin, and i0 is a normalisation constant. Ea is the
minimum energy needed to result in a chemical reac-
tion (Clarke & Johnston 1999, Yvon-Durocher et al.
2012), and MTE states that all organisms should have
an Ea of 0.6−0.7 eV (Gillooly et al. 2001, Brown et al.
2004). An Ea higher than 0.6−0.7 eV suggests that
organisms or communities are more sensitive to
changes in temperature (Clarke & Johnston 1999), as
is the case for mesopelagic bacteria which can
exhibit an Ea of 0.9 eV (Mazuecos et al. 2015). In this
study, we used MTE to determine the microbial Ea to
allow us to make projections on the response of sub-
Antarctic microbes to future warming and identify
how the metabolism of these microbes subsequently
affects the flow of carbon in the upper ocean
(Schramski et al. 2015). Whilst relatively simple to
apply, MTE is based on fundamental physical and
chemical principles to understand and predict fluxes
of energy and matter through individuals and eco-
systems (Yvon-Durocher et al. 2010a, Schramski et al.
2015). To our knowledge, MTE has not been applied
to the biological pump, and thus our study is the first
to experimentally apply MTE in the context of sink-
ing organic particles.
Our primary objective was to determine the effect of
increasing temperatures on microbial remineralisation
of sinking POC, in the context of carbon export and
the biological pump and predict these rates for the
year 2100. A secondary objective was to identify the
temperature sensitivity of sub-Antarctic mi crobes by
calculating the Ea of mass- normalised microbial respi-
ration by applying MTE to our results. We hypothe-
sised that warming will in crease microbial respiration,
reducing POC export to the mesopelagic. We tested
this experimentally by measuring the relationship be-
tween microbial oxygen consumption of large, or-
ganic, carbon-rich particles and temperature in the
sub-Antarctic Southern Ocean (Fig. 1).
MATERIALS AND METHODS
Study site and sampling
Sampling took place at the Southern Ocean Time
Series (SOTS) site (46° S, 141° E, Fig. 2a) in the sub-
Antarctic southwest of Tasmania (Australia), from
20−26 March 2017 onboard RV ‘Investigator’ (Table 1).
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The site is within a high-nutrient/low chlorophyll
(HNLC) region where microbes are considered par-
ticularly important in carbon cycling (Manganelli
et al. 2009), as low chlorophyll concentrations and
low rates of primary production can reduce grazer
abundance. A conductivity-temperature-depth sen-
sor package mounted on a rosette frame was de -
ployed to measure upper ocean properties (Fig. 2b).
Mean aqua MODIS chlorophyll a (chl a) satellite data
for the month of March 2017 were used to derive sur-
face chl a concentrations at the SOTS site and the
surrounding waters (Fig. 2a).
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Fig. 1. Microbial processes during POC re-
mineralisation: disaggregation, solubiliza-
tion and respiration and proportions of
mixed layer POC and DOC. Organisms
such as nauplii (red organism) can physi-
cally disaggregate POC, increasing the
POC surface area allowing bacterial
colonisation. Bacteria solubilise POC to
DOC, and then respire DOC to dissolved
inorganic carbon (DIC), the final process
in POC remineralisation. All of these pro-
cesses require energy contributing to het-
erotrophic oxygen consumption. POC con-
centration was 5–35× higher in our vials
than in situ, such that the substrate (POC)
did not become limiting during the incu-
bations. Mixed layer, autotrophic biomass
only contributes to 50% of mixed layer
POC, the remainder being heterotrophic,
with a very small detrital fraction (Furuya
1990, Boyd et al. 1995, Strzepek et al.
2005). Mixed layer DOC is mostly refractory, with a small proportion being semi-labile and a minute fraction being labile (Carl-
son & Ducklow 1995, Aminot & Kérouel 2004). The particle and nauplii images were taken from samples (Net 2) from this study
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Fig. 2. Water column properties at the Southern Ocean Time Series (SOTS) site. (a) Mean satellite-derived chlorophyll a from
MODIS satellite data for March 2017. Red dot represents SOTS in relation to Tasmania (grey-shaded land mass). No data
(white shading) is due to cloud cover. (b) Temperature (red line), salinity (blue line) and particulate organic carbon (POC) con-
centration (black lines and symbols, collected using in situ pumps) through the upper 500 m at SOTS. Error bars are SEM (n =
3). The solid black line is a fitted power function with the exponent b (p < 0.001, r2 = 0.88) and the dashed black line is a fitted
exponential function with the exponent z* (p < 0.01, r2 = 0.63), both describing the long-term (assuming steady state) 
attenuation of POC with depth
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POC concentration
Six in situ pumps (ISPs, McLane) were deployed
twice during the voyage at 30, 70, 100, 150, 300 and
500 m to obtain samples for POC analysis. The ISPs
were deployed for 2 h with 142 mm diameter QMA-
quartz (2.2 µm pore size) filters (pre-combusted,
400°C). Water (200−1000 l) was pumped through the
filters depending on the particulate stocks at each
depth; hence the volume filtered increased with
depth. On return to deck, the large QMA filters were
removed, subsampled by punching 3 (replicate) 13 mm
holes through each filter. These 3 subsamples were
then dried and stored until their return to land. In the
laboratory, the dried subsampled 13 mm filters were
placed into silver cups (Elemental Microanalysis),
and 20 µl of 2NHCl Suprapur were added to each
cup. The cups were put in a fuming bell over night to
remove inorganic carbon and then dried at 60°C for
2 d. The cups were pelleted, and C was then ana-
lysed on a CHN analyser (Thermo Finnigan EA 1112
Series Flash Elemental Analyser).
Particle collection
To measure microbial oxygen consumption associ-
ated with large particles, the particles (the substrate)
need to be in high concentration to get a significant
signal (del Giorgio 1992, Amon & Benner 1996, Boyd
et al. 2015). As the SOTS site is in the HNLC sub-
Antarctic waters, particle collection and concentra-
tion by conventional methods (such as pre-concen-
tration by settling [Cavan et al. 2017b], or enhancing
particle collision in roller tanks [Ploug et al. 2008])
did not produce a high enough particle concentration
for oxygen consumption incubations. Therefore, we
deployed a plankton net (200 µm mesh, see Fig. S1 in
the Supplement at www. int-res. com/ articles/ suppl/
a082 p111_ supp .pdf), originally designed to sample
under sea ice at discrete depths (Fukuchi et al. 1979).
The net consists of a plastic tube with a motor driving
a propeller at one end directing particles into a short
(1 m length) net with a cod-end attached (Fig. S1).
The plankton net was deployed to a depth of 30 m
within the surface mixed layer for 10 min on 5 dif -
ferent days during the voyage (Table 1). This sam-
pling resulted in a higher (5−35×) concentration of
particles than would be found in situ because particle
collision, hence aggregation, was en hanced due to
lateral movement of water through the net.
Particle incubations for microbial oxygen 
consumption measurements
The plankton net was rinsed with seawater from
the filtered underway system on the vessel to remove
particles from the mesh and to capture them in the
cod-end. The cod-end was removed and any large
(non-microbial, >200 µm) zooplankton ‘swimmers’
were manually picked out of the sample. Here, we
classify respiring microbes as all non-visible (<200 µm)
heterotrophs, including bacteria and microzooplank-
ton (e.g. copepod nauplii and protists). For every net
deployment (5 in total), the sample (including both
large particles and the associated and free-living
microbial community) was firstly divided into 3 to run
parallel incubations at 3 different temperatures. One
incubation was always at 12°C, i.e. the control tem-
perature (Table 1) and the ambient sub-Antarctic
seawater temperature in March 2017. The other 2
temperatures were set between 14 and 22°C (Table 1),
which are above the seasonal temperature range
(8−12°C) to which sub-Antarctic microbes are ex -
posed (Trull et al. 2001a).
Even though projected increases in temperature
are only 2−3°C in the sub-Antarctic, we exposed
microbes to temperatures above this projected
warming to (1) determine the slope of the relation-
ship between temperature and respiration and (2)
assess their thermal reaction norm (i.e. performance
versus environment) (McMeekin et al. 2013, Corkrey
et al. 2016). For the 3 incubations (at different tem-
peratures) for each net deployment, the sub-samples
were further sub-divided into 3 × 20 ml acid-cleaned
borosilicate microrespiration vials (Brandon Scien-
tific Glassblowing) (see Fig. S2 for experimental
setup). This resulted in a total of 9 micro-respiration
vials per net deployed, 3 in each of the 3 tempera-
ture-controlled water baths. Incubations were car-
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Net      Date       Time    Latitude    Longitude    Temp. 
         (dd/mm)      (h)           (°S)              (°E)            (°C)
1          21/03      20:30       46.73          141.93     12, 17, 19
2          23/03      18:00       46.60          141.93     12, 16, 21
3          24/03      12:30       46.08          142.29     12, 15, 22
4          25/03      12:00       46.05          142.18     12, 18, 20
5          26/03      10:00       45.92          142.25     12, 14, 15
Table 1. Locations and times of plankton net deployments and
the temperature settings of the 3 incubations per net deploy-
ment in 2017. Time is given in local time (Australian Eastern
Time). See Fig. S1 in the Supplement at www. int-res. com/ 
articles/ suppl/ a082 p111_ supp .pdf for an image of the net
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ried out in the temperature-controlled laboratory (set
to 12°C) onboard the RV ‘Investigator’.
The microrespiration vials were filled with the
sample to the top of the vial, the lid with a small cap-
illary hole was placed onto the chamber, and a final
drop of sample was added to the top of the lid to
expel all air. The capped vials were then immersed
within the baths filled with seawater so there could
be no gaseous exchange between the vials and the
surrounding water. Temperature in the baths was set
by thermostatically controlled heat plates, and the
baths were kept in darkness during each 8 h experi-
ment. The microbes were allowed to acclimatise for
~1 h prior to the first oxygen measurement.
Our experiments were run in the dark to prevent
photosynthesis and limit DOC release from phyto-
plankton, which is also light-mediated (Cherrier et
al. 2015). Oxygen concentration (µmol l−1) was meas-
ured in each vial at discrete time intervals (every 2 h)
over 8 h using a Presens micro-electrode (limit of
detection = 15 ppb, accuracy = 0.05% O2). The vials
were inverted prior to each oxygen measurement to
homogenise the sample. The remainder of the sam-
ple (~150 ml) from each net deployment not in the
vials was run through a FlowCAM (Álvarez et al.
2011) onboard where images were taken for manual
classification of particles and automation of the size
(equivalent spherical diameter) of each particle. As
the net pore size (200 µm) was greater than the size
of most microbial organisms and bacteria, we as -
sumed that most of the respiring microbes would be
particle-attached (McDonnell et al. 2015).
Microbial POC turnover
To determine biomass-normalised microbial respi-
ration rates (microbial POC turnover), oxygen con-
sumption rates were computed using linear regres-
sion with the lmList function in R (Cavan et al. 2017b).
Oxygen consumption rates (µmol l−1 h−1) were calcu-
lated as the slope of the linear regression between
oxygen concentration (µmol l−1) and time (h). The
mean non-significant oxygen consumption rate in
this study was 0.48 µmol O2 l−1 h−1, an order of mag-
nitude greater than measured on unconcentrated
(unamended) seawater using an ultrasensitive oxy-
gen sensor (0.085 µmol O2 l−1 h−1) (Tiano et al. 2014).
Oxygen consumption rates were those where there
was a significant (p < 0.05 in linear regression)
decrease in oxygen in a vial over 8 h. Data derived
from vials with non-significant oxygen consumption
rates were removed before carrying on with the
analysis. We made 45 measurements of oxygen con-
sumption, and only 5 were non-significant (p > 0.05).
At the end of the experiment, the contents of each
vial were filtered through a pre-combusted (over -
night, 400°C) QMA-quartz filter, dried and then
stored at room temperature until subsequent ele-
mental analysis. On return to the laboratory, these
QMA filters were prepared and processed for POC
analysis as above.
The oxygen consumption rates were converted
from µmol l−1 h−1 to µmol h−1 by multiplying by the
volume of the vials (0.02 l), and then the POC mass
within each vial was converted from µg to µmol. To
compute the POC turnover rate, the oxygen con-
sumption needs to be normalised to the mass of
respiring heterotrophs in the vials. We do not have
data from the voyage to tease apart the relative pro-
portion of heterotrophs to total POC in the mixed
layer, and therefore our vials. POC in the mixed layer
is formed of autotrophic, heterotrophic and detrital
POC; therefore, the mass of both living autotrophic
and detrital POC is needed to determine heterotro-
phic biomass (Fig. 1).
Here we used data from Strzepek et al. (2005),
which represent the state of the art on estimating
biotic carbon stocks based on ~8 d occupation of an
SF6-labelled patch (~200 km2) of the HNLC sub-
Antarctic ocean at 46° S, i.e. the same latitude as our
study site, south of New Zealand in summer. During
the study by Strzepek et al. (2005), the various compo-
nents of the POC pool were assessed on a daily basis
within a quasi-Lagrangian framework. The authors
showed that throughout the 8 d, heterotrophs consis-
tently formed 50% of the total living POC biomass
within the mixed layer (Fig. S3). S. Nodder (unpubl.
data) found that total POC in the mixed layer from
the same water mass as in Strzepek et al. (2005) was
12 µM. The total living (auto- + heterotrophic) POC
measured by Strzepek et al. (2005) was 11.7 µM,
showing that the detrital component is negligible in
the mixed layer. This was also confirmed in the NE
Pacific HNLC region by Boyd et al. (1995). Therefore,
we assumed that heterotrophic biomass was 50%
of POC mass in the vials and thus divided our
POC mass by 2 to compute the non-heterotrophic
 (autotrophic + detrital) POC turnover by microbial
heterotrophs:
k (d−1) = oxygen consumption (µmol h−1) / 
(POC mass [µmol]/2) × 24
(2)
with the turnover rate (k) being expressed as a rate
per day, not per hour, to allow comparisons with
other studies.
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To compute k, we assumed a respiratory quotient
of 1 mol O2 to 1 mol of CO2 following Trimmer et al.
(2012), as in marine habitats the ratio of O2:CO2 is
~1.03:1 (Canfield et al. 1993) but can range from 0.8−
1.2 (Glud 2008). Two incubations (at 18 and 20°C)
produced anomalously high (i.e. +2 SD above the
mean) k values of 4.9 and 11 d−1. Both of these were
from net deployment 4, so all k values from this sam-
ple were removed from subsequent analysis. The
control incubation at 12°C of net deployment 4 also
resulted in the highest k values for that temperature
(mean for net deployment 4 at 12°C = 0.65, mean
across all nets at 12°C = 0.40). Microbial communities
and activities are largely invariant from day to day in
HNLC regions during summer (Strzepek et al. 2005;
Fig. S3) and thus we cannot explain the high k values.
These high POC turnover results would have further
increased the slope between temperature and k, and
thus our estimates of future microbial respiration.
Removing these data reduced the number of micro-
bial POC turnover rates calculated from 40 to 31.
Rationale for design of the particle incubations
We used short (8 h) incubations to reduce physio-
logical and taxonomic changes in the microbial
community during incubations (Pomeroy et al. 1994,
Gattuso et al. 2002, Maske et al. 2017). The 8 h incu-
bation time was in line with a previous study on the
effect of temperature on bacteria in Chesapeake
Bay, USA (Apple et al. 2006). However, had we run
the incubations for longer (days to weeks), the re -
sponse of respiration to temperature would likely be
reduced, as the microbial community acclimatises
and adapts to the different environmental condi-
tions. Thus, our in cubation time means we cannot
assess any acclimation and/or adaptation by the
microbes. However, small organisms have shorter
generation times, larger population sizes and higher
genetic diversity, making microbes an ideal test
subject (Ochman et al. 1999) for our short experi-
ments. Another advantage of a short incubation is
that it reduces the time available for wall or bottle
effects to influence our results. We also used 20 ml
sized vials, which were 5× larger than similar previ-
ous studies (Cavan et al. 2017b, Koski et al. 2017), to
further reduce bottle and wall effects. However, the
vials were still small enough to allow us to concen-
trate particles into a small volume and measure a
decline in oxygen  concentration.
The high concentration of POC from large organic
particles in our 20 ml vials ensured no substrate limi-
tation, which is important, as metabolic reactions, such
as respiration, are and can become substrate limited
(Clarke 2006, López-Urrutia 2008, Arandia Gorostidi
et al. 2017). During long incubations (days or weeks)
if the substrate becomes limiting, a non-linear rela-
tionship persists between oxygen concentration and
time. In this instance, the linear MTE is not appropri-
ate and an enzyme kinetic model, which accounts
for substrate, should be used (Aguiar-González et al.
2012). In addition, high concentrations of substrate
are needed to observe a detectable signal of oxygen
consumption (Cavan et al. 2017b).
The oxygen consumption measured in the vials
would have resulted from the following energy-
 consuming transformations of POC: heterotrophic
mechanical disaggregation to smaller particles (Collins
et al. 2015), solubilisation of POC to DOC (Kiørboe &
Jackson 2001) and, prior to the final stage of reminer-
alisation, respiration to dissolved inorganic carbon
(Fig. 1).
Ecological theory
We did not measure primary production in this study
as the experiment was conducted in the dark, but
used a published MTE equation for primary produc-
tion (López-Urrutia et al. 2006) to estimate mass-
 specific primary production at different temperatures:
ln(kPP) = [−0.29 × (1/cT)] −11.28 (3)
where kPP is the mass-specific primary production, c
is the Boltzmann constant (0.862 × 10−5 eV K−1), and T
is temperature in Kelvin. As primary production is a
metabolic function, it is also predicted to increase
with temperature according to MTE, but to a lesser
extent (i.e. the slope for respiration = 0.6−0.7, and the
slope for primary production = 0.3). We use kPP to
estimate the potential percentage increase in pri-
mary production and therefore the overall net effect
of increasing temperature on export (change in pri-
mary production − change in respiration). When pro-
jecting future primary production using multi-model
means over many earth system models (ESMs), pri-
mary production is projected to decrease globally
due to reductions in nutrient concentration and en -
hanced stratification, even though in almost half of
the ESMs, no changes or increases in primary pro-
duction are actually predicted (Laufkötter et al. 2013).
Primary production is projected to increase when
temperature-dependent production terms are included
in models (Taucher & Oschlies 2011), as also pre-
dicted by simple MTE.
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Linear models were fitted between temperature
and POC turnover. First, a simple linear regression
was computed between k values and temperature
(Table 2). We then fitted a linear mixed-effect (LME)
model using the lme4 package in R (Bates et al.
2015), where the random effect was the time of
sampling (hour of day, Table 1) and the fixed effect
was the temperature of the incubations (Table 1).
The projected temperature change by 2100 spe -
cifically at the SOTS site was isolated from global
IPCC representative concentration pathway (RCP)
8.5 (‘business-as-usual’) multi-model median tem-
perature change data output from CMIP5 models,
as in Henson et al. (2017). The estimated change in
respiration is calculated using the linear models. As
such, the error associated with this estimate is given
as a range, as it is calculated by adding the standard
error to, and then subtracting it from, the 2 coeffi-
cients (slope and intercept) in the linear models to
estimate the minimum and maximum (respectively)
change in respiration.
Both the linear and LME statistical models are
standard Model I regressions, which assume no
error in the independent x variable. Use of the
Model I re gression is justified in this analysis, as
temperature was kept constant and controlled by
the experimental design. If both variables are ran-
dom and not controlled by the researcher, then a
Model II type re gression that assumes error in both
variables is required (Laws & Archie 1981, Legendre
& Legendre 1998). A Model II regression should
always be used under these circumstances, although
in biological oceanography, Model I regression is
most commonly used. Using a Model II regression in
our study would not change the significance of the
model fit nor the r2, but it would change the slope,
such that if the model was used to project microbial
respiration at higher temperatures, the projected
change would be different and either be an under-
or an over-estimate.
RESULTS
At the SOTS site in March 2017, surface chl a con-
centrations were low (0.23 µg l−1, Fig. 2a) as expected
for an HNLC region. Mixed layer (30 m) POC con-
centration was >120 µg l−1 and rapidly declined in
the mesopelagic zone (base of the mixed layer, to
500 m; Fig. 2b) to <5 µg l−1. Particles derived from the
200 µm mesh plankton net at 30 m were dominated
by diatoms (Fig. S5), particularly the genera Rhizo -
solenia sp. The natural mixed heterotroph commu-
nity contributing to oxygen consumption consisted of
free-living and particle-attached nauplii, pteropods,
foraminiferans, small copepods (as identified from
FlowCAM images) and bacteria. Particle size ranged
from 200−2500 µm in equivalent spherical diameter
(ESD), with a mean ESD of 364 (± 2 SE) µm. The
mean ESDs for each net deployment were similar
(60 µm difference, or 15%), ranging from a low of 349
µm in Net 3 to a high of 407 µm in Net 5. Small (200−
400 µm ESD) particles dominated (67%) the incuba-
tions in this study (see Fig. S6). The attenuation of
particles, or here POC concentration with depth
(Fig. 2b), can be described either using a power law
function such as the b value, which in this study was
0.70 (p < 0.001, r2 = 0.88) (Martin et al. 1987) or an
exponential function using the exponent z* (depth by
which 63% of the POC has been remineralised), which
was 114 m (p < 0.01, r2 = 0.63) (Boyd & Trull 2007).
In our incubation studies, the POC concentrations
in the vials were very high (0.6−4.2 mg l−1), i.e. 5−35×
higher than at 30 m in situ (Fig. 2b). Combining this
high concentration and short incubation time ensured
that the substrate did not become limiting. Thus, oxy-
gen concentration declined with time in all vials over
the 8 h experiments (Fig. 3a). The mean oxygen con-
sumption for all temperatures was 3.3 ± 0.3 µmol O2
l−1 h−1. Significant (p < 0.05) changes in oxygen con-
centration were observed at the lowest (control) tem-
perature (12.0°C), most similar to that in situ (13.0°C
in the mixed layer) over all of the 8 h incubations.
As temperature increased, oxygen consumption and
POC turnover rates (k) also increased (Figs. 3 & 4) but
not always in a uniformly linear manner; k in creased
up to 15°C, then decreased up to 17°C, before in -
creasing again to reach the maximum k at the maxi-
mum temperature of 22°C (Fig. 3b).
The mean POC turnover (k) normalised to hetero-
trophic biomass at the control temperature was 0.97
± 0.10 d−1. The total range of POC turnover measured
in this study was 0.33−5.25 d−1, from the lowest
(12°C) and highest (22°C) temperature incubations,
respectively (Fig. 4a). Time of day had a significant
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Model           Model structure             p          AIC        SE
Linear                log(k) ~ T               <0.01      60.5      0.031
LME          log(k) ~ T + (1|time)      <0.01      54.2      0.026
Table 2. Model selection and statistics for linear and linear
mixed effect (LME) models used to assess the response of k
(microbial particulate organic carbon turnover) to tempera-
ture. T: temperature the experiment was run at, time: sam-
pling time that particles were collected from the mixed layer
(Table 1), AIC: Akaike’s information criterion, SE: standard 
error of the fixed effect (temperature)
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but minor effect on oxygen consumption (p < 0.01,
r2 = 0.15), so the LME model improved the model
fits with lower error and lower Akaike’s information
 criterion (AIC) compared to the linear regression
(Table 2). Hence the LME models are presented here
(see Fig. S4 for comparisons between the linear and
LME models) and are used in our projections of res-
piration with increased temperature:
R = e([0.12 × Temp] − 1.9) (4)
where Eq. (4) is the regression from the LME model
in Fig. 4a, of POC turnover against temperature (°C)
118
a) b)
0 2 4 6 8
Time (hours)
0.7
0.8
0.9
1
No
rm
ali
se
d 
O 2
 c
on
ce
nt
ra
tio
n
O 2
 c
on
su
m
pt
io
n 
(µ
m
ol
 O
2 l
–1
 h
–1
)
12
14
15
16
17
18
19
20
21
22
12 14 20 2216 18
Temperature (°C)
0
2
4
6
8 p < 0.01
R2 = 0.5
Fig. 3. (a) Normalised oxygen concentration (unitless) over the 8 h incubations. Different coloured lines represent different
 incubation temperatures (°C). The oxygen consumption has been normalised (to 1) to show the relative decline in oxygen at
different temperatures during the incubations over the 8 h period. (b) Mean oxygen consumption at each temperature prior to
normalising for the particulate organic carbon concentration. Grey area shows 95% confidence intervals. This plot can be
 interpreted to show the reaction norm of microbes over a range of temperatures and that the maximum temperature for micro-
bial oxygen consumption cannot be determined from this study and hence is likely 22°C or higher. In both plots, error bars are 
SEM, and n = 3 for all temperatures apart from at 12°C, where n = 15 and 15°C where n = 6 at each time point
a) b)
12 14 20 22
k (
d–
1 )
16 18
Temperature (°C)
0
1
2
3
4
5
39.5 40.0 40.5
1/cT
Experimental range
2100 range
ln(
k)
–1
0
–0.5
0.5
1
1.5
2
Ea = 0.88 eV
Ea = 0.85 eV
Fig. 4. Particulate organic carbon (POC) turnover (k) against temperature with linear regressions for respiration produced by
mixed-effect modelling. k values for respiration (O2 uptake was divided by heterotrophic biomass) are shown by the closed
points, with the linear mixed effect (LME) model denoted by the solid line over the full experimental temperature range. The
dashed line is the LME model from our control temperature to the projected temperature at SOTS in 2100. (a) POC turnover (k)
with temperature (°C) where for the experimental range (solid line), r2 = 0.45 (p < 0.01) and for the 2100 range (dashed line),
r2 = 0.49 (p < 0.01). (b) Classic metabolic theory of ecology (Arrhenius) plot where c is the Boltzmann constant (0.862 × 10−5 eV
K−1), T is temperature in Kelvin, and the natural log of k is shown. The LME model line for the experimental range (solid line)
has an r2 = 0.40 (p < 0.01) and for the 2100 range (dashed line), r2 = 0.41 (p < 0.01). The slope of both lines, which is the activation
energy (Ea) in (b), is −0.9 eV (0.88 and 0.85 eV to 3 significant figures, respectively). Grey areas show 95% confidence intervals
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across the whole experimental range of temperatures
used. This regression was used to project the future
change in POC turnover with temperature. We also
fitted linear and LME models to an Arrhenius plot
(MTE) to determine the activation energy where:
ln(I M −1) = −Ea(1/cT) + ln(i0) (5)
such than I M −1 gives the k values and −Ea the activa-
tion energy (slope between k and 1/cT, see Eq. 6):
ln(RMTE) = (−0.9 × Temp) − 35 (6)
Eq. (6) is the regression from the LME model in
Fig. 4b, of the natural log of k against temperature in
Kelvin. The slope of the regression is the Ea. In the
LME model, the Ea was 0.9 ± 0.2 eV, much higher
than is generally considered in MTE for all organisms
(0.6−0.7 eV) (Brown et al. 2004).
When calculating the slope between POC mass
and oxygen consumption, a Model II regression was
used, as the POC mass was not controlled and so is
considered a random variable. We presented POC
mass against oxygen consumption with both type
Model I and Model II to highlight the large difference
in slope given by these 2 models (Fig. S7). Neither
model significantly fitted these data.
DISCUSSION
Respiration is one of the key metabolic processes
driving the remineralisation of organic carbon in the
oceans (del Giorgio & Duarte 2002). This process is
closely linked to temperature (Brown et al. 2004),
hence climatic-driven changes in ocean temperature
will directly influence the extent of POC reminerali-
sation and ocean carbon storage (Iversen & Ploug
2013). We directly measured oxygen consumption by
microbial organisms (Fig. 1), with unfiltered large,
organic carbon-rich particles the main supplied sub-
strate for the microbes. We investigated the effect of
increasing water temperature on microbial reminer-
alisation of large particles in the sub-Antarctic South-
ern Ocean.
The upper ocean at the SOTS site is representative
of conditions for a large proportion of the Indian and
Australian sectors of the sub-Antarctic Southern
Ocean (Trull et al. 2001b). The SOTS site is within
the sub-Antarctic HNLC region, so chl a concentra-
tions are low throughout the year (Bowie et al. 2011,
Ebersbach et al. 2011, Eriksen et al. 2018), as we ob -
served during our study. In addition, silicate concen-
trations are seasonally low (<2 µmol kg−1 in summer),
compared to the more southern polar frontal zone
and other HNLC areas (Rintoul & Trull 2001, Trull et
al. 2001c). Hence SOTS in summer is best described
as a high nutrient, low silicate, low chl a region, as
also observed in the equatorial Pacific, where pico -
plankton are responsible for most of the primary pro-
duction and diatoms for new production (Dugdale &
Wilkerson 1998). At SOTS, picoplankton and flagel-
lates are the most abundant phytoplankton, but dino-
flagellates dominate the phytoplankton carbon bio-
mass (Kopczynska et al. 2001). Small-sized plankton
communities result in different particle ag gregation
pathways and the dominance of smaller exported
particles (Cavan et al. 2018) as we observed here
(200−400 µm ESD), which is a common characteristic
of particles at 150 m at SOTS (Ebersbach et al. 2011).
The mesh size of the net (200 µm) constrained the
minimum size of the particles. Hence, even though
we purposefully had to increase the concentration
of larger particles, such pre-concentration did not
appear to alter the natural particle size distribution
observed at SOTS. Our particle size distribution was
well within the size range of large, fast-sinking
 particles commonly observed elsewhere, such as in
the Mediterranean and Equatorial Pacific (Alonso-
 Gonzalez et al. 2010, Cavan et al. 2017b).
The POC mass of the particles was not proportional
to the oxygen consumption rates in each vial as
stated by MTE (Fig. S7). The lack of model fit is most
likely because both substrate and microbes were in
the incubation vials (Fig. 1). This issue could be a fac-
tor potentially hindering studies on microbial organ-
isms and MTE, particularly of mixed, natural commu-
nities. Additionally, during our incubations some of
the oxygen consumption would have been associated
with autotrophic respiration, as the phytoplankton
were viable at the onset of the incubations. However,
the experiments were run in the dark, and studies
have shown that heterotrophic respiration is 2−3
times greater than autotrophic respiration (Schindl-
bacher et al. 2009, Savage et al. 2013).
Effect of temperature on microbial respiration
Seasonal temperatures at SOTS range between 8
and 12°C (Trull et al. 2001a). We sampled at the end
of austral summer in March, when the plankton com-
munity is exposed to the highest temperatures (Shad-
wick et al. 2015), but also towards the end of the
plankton growing season. Therefore, our selected
temperature range (14−22°C) used in the incubations
is well above the natural seasonal amplitude that res-
ident flora and fauna encounter at SOTS. However,
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our findings from the 8 h incubations dem on -
strate that the selected temperatures capture the nat -
ural temperature range that resident sub-Antarctic
microbes can successfully metabolise within (Figs. 4
& 5). For example, the optimum temperature for
growth rates of heterotrophic microbes that normally
reside at 4−5°C in the Southern Ocean can be up to
18°C (Simon et al. 1999). This is a common phenom-
enon, and many microbes living in colder waters
reside at temperatures lower than their metabolic
optimum (Delille & Perret 1989, Pomeroy & Wiebe
2001). In this study, the maximum oxygen consump-
tion rate occurred at the maximum temperature
microbes were exposed to (22°C) (Figs. 3b, 4 & 5),
with no evidence of oxygen consumption plateauing,
suggesting that the optimum temperature for this
natural population of sub-Antarctic microbes was
22°C or higher. A similar result was observed during
short (6−8 h) incubations of coastal, temperate, mar-
ine bacteria in Chesapeake Bay (USA), where the
bacterial respiration was highest at the maximum in
situ temperature of 30°C (Apple et al. 2006). We
assume heterotrophic microbes were responsible for
driving our observed trend between POC turnover
and temperature, as autotrophic respiration has a
much weaker temperature dependence than hetero-
trophic respiration (López-Urrutia et al. 2006).
In our study, the time of day for sampling (i.e. net
deployment) significantly influenced the subsequent
turnover of POC by microbes in the incubations. This
could have been due to the short generation times of
microbes, particularly prokaryotes (<2 d; Krupke et
al. 2016), as their abundance (cell division) and com-
munity composition can change due to shifts in the
daily primary production cycle and may decrease
when light levels are lower because of substrate
availability (Ottesen et al. 2014, Aylward et al. 2017).
In our study, oxygen consumption during the incuba-
tion was normalised by the POC mass in the vial to
compute k, such that any difference(s) in microbial
and/or substrate concentrations within the vials, due
to temporal variability (time of day particles were col-
lected), should not influence the effect of tempera-
ture on k. However, there was an effect of time of
sampling on the relationship between k and temper-
ature, so changes in microbial community composi-
tion, rather than abundance, are likely the important
driving factor for the effect of time of sampling on
POC turnover rates. In the future, field experiments
should be carried out whenever possible at the same
time of day and combined with quantifiable enumer-
ation (e.g. flow cytometry and fluorescent staining) of
microbial organisms.
At the control temperature of 12°C, our mean POC
turnover rates (1 d−1) were higher than the expected
range (0.01−0.5 d−1) for large particles as determined
by both laboratory and open ocean studies (Ploug &
Grossart 2000, Iversen & Ploug 2010, Collins et al.
2015, Belcher et al. 2016, Cavan et al. 2017b). How-
ever, in these published studies, POC turnover was
normalised to total POC mass, not the respiring het-
erotroph mass. The mean k at 12°C if we just nor-
malise oxygen consumption rates by total POC mass
was 0.35 d−1. In addition, above 20°C, k > 1 d−1,
implying the POC in the vials would be completely
respired in 1 d. High k values have also been ob -
served at similar temperatures in the equatorial
Pacific for small, slow-sinking particles (Cavan et al.
2017b). The particles in our study were small in com-
parison to other investigations of POC turnover, where
particles are typically greater than 1 mm (Iversen &
Ploug 2010, 2013), and yield a lower POC turnover
(~0.1 d−1) than we observed. In our study between 12
and 17°C, there was no significant (p > 0.05, linear
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Fig. 5. Reaction norms (fitness versus environment) for sub-
Antarctic microbes from environmental manipulation studies.
Comparison of the reaction norm of respiration from this
study (expressed as particulate organic carbon [POC] turn-
over, k, per day, black symbols and lines), using the regres-
sion from Fig. 4a, and of growth rate versus temperature (red
line) of a sub-Antarctic diatom from Boyd et al. (2016). Both
reaction norms are on the same scale (y-axis). The vertical
lines show the control temperatures, and the arrows show
the IPCC-projected increase in temperature at the location
of each study (black = Southern Ocean Time Series [SOTS],
red = Boyd et al. 2016). The double-headed black arrows
show the present-day temperature range at SOTS and the
experimental temperature range (black symbols) to which
microbes were exposed in this study. The optimum tempera-
ture for microbial oxygen consumption cannot be deter-
mined from this study and hence is 22°C or higher
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and LME model) effect of temperature on POC turn-
over due to the low POC turnover rates at 16−17°C,
although it did increase significantly be tween 12 and
15°C (Fig. 4a), with 15°C being the projected temper-
ature at SOTS in 2100. Previous studies have also
shown that the relationship between respiration or
production and temperature is constant over lower or
intermediate temperatures, but increases when tem-
peratures rise above 22°C (Maske et al. 2017) or 24°C
(Regaudie de Gioux & Duarte 2012). In these instances,
the metabolic rates at the higher temperatures drove
the observed trend. Increased temperature resolution
during incubations are needed, along with many
replicates, to investigate the relevance of high tem-
peratures driving trends.
Projected change in POC export by 2100
The sub-Antarctic Pacific at the SOTS site is pro-
jected to warm by 1.9°C by 2100 under RCP 8.5
(IPCC 2014). Therefore, to estimate potential future
changes in respiration we used the LME model
(Fig. 4a) to calculate k at 13.0°C (mixed layer temper-
ature in March 2017, Fig. 2b) and at 14.9°C (1.9°C
above in situ temperature of 13.0°C). Warming of
1.9°C will increase POC turnover by 26% (standard
error = 7%) in SOTS models (Fig. 4a). Based solely on
theory, using an Ea of 0.29 eV, we estimated that over
the same temperature increase, primary production
will also increase, but to a lesser extent, i.e. 9%
(López-Urrutia et al. 2006). Accounting for this in -
crease in primary production results in a net (change
in primary production − change in respiration) in -
crease in respiration (thus potential decrease in
export) of ap proximately 17% (9−26 = −17%).
Our calculation of reduced POC export is well
within the reported ranges of the estimated decline
in carbon sequestration by 2100, including a 4−27%
decrease in lake sediments (Gudasz et al. 2010) and
a 21% (López-Urrutia et al. 2006) or 11% (Yvon-
Durocher et al. 2010b) decrease in the surface ocean
depending on the Ea used for primary production
(0.29 or 0.41 eV, respectively). However, our pro-
jected change by 2100 (in 80 yr) is much higher than
suggested by a model of recent (1982−2014, 32 yr
range) historic changes in the proportion of primary
production exported across the base of the euphotic
zone (decrease in ~1%), over a similar temperature
range in the sub-Antarctic (Cael et al. 2017). Their
model was also principally based on thermodynamic
theory (Cael & Follows 2016), so one would expect
their results to more closely resemble those from this
study. Differences in the magnitude of POC export
decline may exist because the respiration in the
model of Cael et al. (2017) was constrained by the
response of copepod grazing rates to temperature
(Huntley & Lopez 1992), whereas ours focussed on a
wider range of microbial organisms. Furthermore,
the differences between the 2 studies could also have
been caused by the impact of the higher tempera-
tures on POC turnover or aspects of our experimental
design such as the short incubation times. However,
the large dissimilarities in the approaches used be -
tween the Cael et al. (2017) historical modelling
study and our experimental field study makes it futile
to conclude on the differences observed. It does show
that more studies are needed, both experimental and
using models, to investigate the role of temperature
on metabolism and the biological pump.
In our study we have shown that the predicted net
change in the turnover of POC by 2100 is a net de -
crease due to increased microbial respiration. It was
beyond the scope of this study to separately test the
response of each process in the steps towards re -
mineralisation (disaggregation, solubilisation and res-
piration, Fig. 1) and temperature. We assume that
enzyme solubilisation and the release of DOC also
increased with temperature as indicated by microbial
remineralisation experiments in marine sediments,
where both processes increased up to 27°C (Weston
& Joye 2005). We used large, carbon-rich particles as
the main introduced substrate in our incubations to
simulate particles prior to downward export from the
mixed layer, as export occurs when large particles
form and their density is greater than the surround-
ing water (Fowler & Knauer 1986). During aggrega-
tion, export and subsequent sinking heterotrophs
reduce POC through consumption and solubilisation,
but this is most pronounced in the upper ocean, where
export commences (Martin et al. 1987). Thus temper-
ature-dependent increases in these heterotrophic
metabolic processes due to warming will decrease
the amount of available POC for export and subse-
quent sequestration.
Our results suggest that the amount of POC leaving
the upper ocean could be reduced, potentially by al-
most 20%, decreasing ocean carbon storage and in
time altering nutrient concentrations in the deep
oceans. Microbial transformations of POC are only
one of the many processes that will be altered in the
coming decades (Boyd 2015). Other factors that influ-
ence particle export are likely to be influenced by
warming: any change in both phytoplankton (Thomas
et al. 2012) and grazer (Richardson 2008) community
composition will affect particle type, size and remin-
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eralisation; changes in the viscosity of water may influ-
ence particle sinking rates (Iversen & Ploug 2013);
and freshening and warming may affect stratification
intensity and the supply of nutrients to the mixed
layer affecting primary production (Boyd 2015). These
plus other physico-chemical and ecological processes
will interact with each other to dampen or increase
the effects of future global change on the  biological
pump (Boyd & Brown 2015), and these interactions
should be studied at the experimental level.
Assessing the temperature sensitivity of 
Southern Ocean microbes
Using MTE (Fig. 4b), we can calculate the activation
energy (Ea) which characterises the temperature
 sensitivity of community respiration. Using the LME
model, we calculated a higher Ea (0.9 eV) than sug-
gested by MTE (0.6− 0.7 eV) (Gillooly et al. 2001,
Brown et al. 2004). This Ea of 0.9 eV from our study
is the same as determined from mesopelagic (300−
600 m) bacterial respiration (0.9 eV) in the South At-
lantic and Indian Oceans over a slightly lower tem-
perature range of 9−15°C (Mazuecos et al. 2015). The
Q10 (proportional increase in respiration per 10°C rise
in temperature), which is also a measure of tempera-
ture sensitivity, in this study was 3.9 at 15°C using the
LME model. These Q10 values are also higher than the
global (terrestrial and aquatic) average Q10 for respi-
ration at 15°C of 2.5 (Ea = 0.62) (Yvon-Durocher et al.
2012), but approximate subsurface (>100 m) estimates
at 3.6 (Mazuecos et al. 2015, Brewer & Peltzer 2016).
The higher Ea and Q10 ob served here compared to
classic MTE shows the higher sensitivity (Clarke &
Johnston 1999) of microbial organisms to temperature
in the Southern Ocean.
We also ran a sensitivity analysis to test for the
effect of normalising all of our k values by 50%,
which accounted for the heterotrophic biomass within
the vials in accordance with data from Strzepek et al.
(2005). To do this, we assigned each k value a ran-
dom number between 46 and 56% (the range of the
proportion of POC mass associated with heterotrophs
in the study by Strzepek et al. 2005) and recalculated
the slope between the natural log of k and tempera-
ture. We repeated this 1000 times, resulting in a
mean slope (Ea) of 0.88 ± 0.001 eV, identical to our Ea
of 0.9 eV (0.88 to 3 significant figures, Fig. 4b) over
the 10°C temperature range. We also repeated this
for a larger range in heterotrophic biomass (40−60%
of total POC), which yielded a mean Ea of 0.87 ± 0.002
eV (Fig. S8). We therefore conclude that the use of a
constant proportion of POC mass associated with het-
erotrophic biomass (50%) in all vials does not signif-
icantly affect the Ea.
It is not possible from our results to discern whether
the high temperature sensitivity is a microbial, South-
ern Ocean, or a joint microbial−Southern Ocean
 feature; i.e. do all microbes globally have a higher
sensitivity to temperature than metazoans? Are all
Southern Ocean organisms cold-adapted? Or is this
trend applicable only for Southern Ocean (or polar)
microbes? Whilst MTE has been applied to microbes
such as phytoplankton and bacteria, the metabolic ac-
tivity most commonly measured is production (either
as growth rates or bacterial production) and of single
species or groups, so there are few equivalent studies
to compare our results to. Searching the literature, we
did find different marine studies that had resulted in
identical or similar Ea values, with phytoplankton pro-
duction and respiration across geothermally heated
streams (5−50°C) (Padfield et al. 2017), total oxygen
consumption from all organisms in the subtropical
mesopelagic (>100 m) (Brewer & Peltzer 2016) and
bacterial respiration in the mesopelagic (300−600 m)
resulting in Ea values of 0.9 eV. Additionally, a litera-
ture study of marine, terrestrial and freshwater habi-
tats identified herbivores, fungi and invertebrates to
have the highest Ea of all taxa of >0.7 eV (Dell et al.
2011). Conversely, the latter study also found unicel-
lular organisms such as phytoplankton and bacteria to
have much lower Ea at <0.5 eV (Dell et al. 2011).
Most published Ea values are much lower than
the results from this study, including from microbial
ecosystem respiration in heated ponds (0.62 eV;
Yvon-Durocher et al. 2010b), epipelagic bacterial
production (0.58 eV; López-Urrutia & Morán 2007),
zooplankton grazing (0.67 eV; Chen et al. 2012), oxy-
gen consumption of fish (0.46 eV; Killen et al. 2010)
and also specifically reef fish (0.5 eV; Barneche et al.
2014). Nevertheless, a polar (both Arctic and Antarc-
tic) study observed that the respiration of zooplank-
ton resulted in a higher Ea of 1.3 eV (Gleiber et al.
2016), suggesting that these organisms are also more
sensitive to temperature change. As we have shown,
there is a wide range of Ea values associated with
microbial metabolism, and thus our result of 0.9 eV
likely represents the cold-adaptation of the resident
microbial community to the lower temperatures of
this sub-Antarctic region. In addition, our results are
most similar to those from the mesopelagic zone
(Mazuecos et al. 2015, Brewer & Peltzer 2016), sug-
gesting that species inhabiting cooler, deeper waters
are also highly sensitive to temperature changes.
Regional or depth-dependent differences in the
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responses of organisms to rising temperatures should
be accounted for in large-scale or global model
analyses to ensure that results do not underestimate
their metabolic re sponse to temperature change.
Thermal sensitivity could ex plain why our projected
change in export of 17% is much higher than that
estimated by Cael et al. (2017) (~1%) over a similar
(2°C) temperature gradient. In their study, Cael et al.
(2017) used the same model globally, thus not com-
pensating for the different thermal sensitivities of
organisms in different biogeographical provinces.
Decreasing the Ea to 0.69 eV (Q10 = 3.3 at 15°C) in
our study in line with MTE (Brown et al. 2004) results
in an increase in respiration of just 2%. This small
decrease may result in net increases in export if the
magnitude of the increase in primary production is
greater than 2%. Increases in export have been pre-
dicted elsewhere for the Southern Ocean, such as
when using ESMs that are not coupled to biogeo-
chemistry models (Britten & Primeau 2016) or in more
southerly regions (Cael et al. 2017). The Southern
Ocean is a complex and unique environment due to
the apparent inverse relationship between primary
production and export (Maiti et al. 2013, Cavan et al.
2015, Le Moigne et al. 2016) and the possible ‘cold-
adaptation’ of organisms (Clarke & Johnston 1999).
The concept of increased respiration with tempera-
ture is by no means novel, but using large, organic
particles to mimic the onset of export in the mixed
layer and a diverse, natural microbial community is a
novel application of MTE.
Relevance of MTE in the context of 
ocean biogeochemistry
MTE can be thought of as a mechanistic model
based on thermodynamics of organisms, which dif-
fers from conventional statistical models (e.g. simple
exponential or power-law functions) (West et al.
1997). However, MTE assumes that metabolic activ-
ity is based solely on supply (temperature), whereas
in reality, it is also based on demand (amount of ATP
needed for energy) (Clarke 2006) and the amount of
available substrate (Aguiar-González et al. 2012,
Maske et al. 2017). Additionally, MTE is a linear
model such that metabolic functions will continue to
increase with increasing temperature, never reach-
ing an optimum which we know is true in nature. In
this study, an optimum temperature was never reached
(Fig. 5), rendering MTE suitable.
We chose to interpret some of our findings using
MTE as it is valuable to ecologists to interpret differ-
ences from the ‘null’ MTE model (Harte 2004), as we
have observed here by the higher Ea. Although MTE
has been applied to marine bacteria, rarely is it ap -
plied to mixed communities and other non-prokary-
otic microbes. Perhaps this is because it is not possi-
ble to obtain metabolic resting (non-moving) rates
from microbes, which are more useful in MTE at least
when comparing between species (Clarke 2017), and
it is more difficult to calculate the mass of the respir-
ing organisms separately from the substrate if using
field samples as in this study. More studies are
needed on the effect of temperature on microbes to
elucidate if a higher Ea is due to the typically cold
temperatures of the Southern Ocean and/ or a global
phenomenon of the physiology of microbes. Addition-
ally, designing multi-variable experiments (Boyd et
al. 2018) relevant to the biological carbon pump to
account for interactions amongst physico-chemical
and ecological processes will more closely replicate
the natural world (Hutchins et al. 2017).
CONCLUSIONS
Remineralisation of POC in the biological pump is
partly controlled by the respiration of microbial or-
ganisms. As expected, we found that microbial respi-
ration of large organic particles increases with tem-
perature, and future warming scenarios could de crease
export into the mesopelagic zone by 17%. This po-
tential decrease means that more carbon will remain
in the upper ocean and in contact over an annual
cycle to the atmosphere, decreasing ocean carbon
storage in the deep. Using the MTE, we found the
Southern Ocean microbial community to be particu-
larly sensitive to temperature changes. Our study
suggests that Southern Ocean microbes could have
an optimal temperature for respiration above ambient
temperatures projected by warming by the end of the
century, based on results from our short incubations.
MTE has been heavily applied to vertebrates, inver-
tebrates and even marine bacteria, but few, if any,
studies have applied it using a natural, mixed com-
munity of microbial heterotrophs and linked this to
the biological pump. There is a great need for more
complex experimental studies on the effects of warm-
ing on microbial and larger grazer communities to
truly start to predict the change in export production.
Of equal importance is the need to account for re-
gional differences in the response of organisms to ris-
ing temperatures during large-scale or global model
analyses, to ensure results do not underestimate their
metabolic response to temperature change.
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